Cognition has been studied intensively for several decades, but the evolutionary processes that shape individual variation in cognitive traits remain elusive [1] [2] [3] . For instance, the strength of selection on a cognitive trait has never been estimated in a natural population, and the possibility that positive links with life history variation [1] [2] [3] [4] [5] are mitigated by costs [6] or confounded by ecological factors remains unexplored in the wild. We assessed novel problem-solving performance in 468 wild great tits Parus major temporarily taken into captivity and subsequently followed up their reproductive performance in the wild. Problem-solver females produced larger clutches than nonsolvers. This benefit did not arise because solvers timed their breeding better, occupied better habitats, or compromised offspring quality or their own survival. Instead, foraging range size and day length were relatively small and short, respectively, for solvers, suggesting that they were more efficient at exploiting their environment. In contrast to the positive effect on clutch size, problem solvers deserted their nests more often, leading to little or no overall selection on problem-solving performance. Our results are consistent with the idea that variation in cognitive ability is shaped by contrasting effects on different life history traits directly linked to fitness [1, 3] .
The ecological and evolutionary significance of cognitiondefined as the mechanisms by which animals acquire, process, store, and act upon information from the environment [7] -is increasingly being studied in natural populations [4, 5, [8] [9] [10] . We used a wild population of great tits (Parus major) to examine life history correlates and the selective consequences of a simple cognitive trait, problem-solving performance (PSP, with two categories, ''solver'' and ''nonsolver'' [11] ) (see Movies S1 and S2 available online). The great tit has long been an influential model species in the study of life history variation [12, 13] . Previously we demonstrated that individual great tits differ consistently in their propensity to solve novel, goal-oriented foraging problems, and that these differences persist for at least a year [11] and predict the efficiency with which similar problems are solved in the wild [14] . In our population, PSP is unrelated to a variety of motivation factors and personality traits, including hunger, neophobia, and exploration behavior [11] . Video analysis of problem-solving attempts suggests that the solution involves operant conditioning mediated by a perceptual-motor feedback (see also [15, 16] ) and does not depend on feeding motivation or activity levels (see Supplemental Information and Movies S1 and S2). Furthermore, PSP is correlated with string-pulling success [11] , a task involving trial-and-error learning [15, 17, 18] . Our measure of PSP is therefore likely to reflect operant conditioning ability, though we note that other non-mutually exclusive cognitive processes, such as inhibitory control [19] or unexamined personality traits such as persistence [16, 19] , could also explain some of the observed interindividual variation in PSP. Additionally, PSP is likely to reflect intrinsic variation in innovativeness [20, 21] because the tasks that birds were presented with had never been encountered previously.
First we tested whether clutch size, a trait that is intensively studied in many taxa, was higher for solvers than for nonsolvers. Typically clutch size is under positive selection but is moderated by the ability to provision nestlings [22] and counterselection for offspring condition and adult survival [23, 24] . Female great tits that solved the novel problem in captivity laid significantly larger clutches than nonsolvers when they were subsequently found breeding in the wild (F 1, 231 = 4.47, p = 0.036, mean difference 6 SE = 0.40 6 0.189 eggs; Tables 1  and S1 ). The effect did not arise because PSP covaried with other traits known to influence clutch size, including the timing of breeding and habitat quality [25] (oak trees within 75 m of nest box) ( Tables 1, S1 , and S3). A link between PSP and clutch size was also found in males: although the effect was weak among all males (Tables 1 and S2) , clutch sizes were larger in nests where both parents were solvers than in nests that included nonsolver parents (F 2, 115 = 5.13, p = 0.007; Figure 1A) , possibly because male great tits feed their partners during egg laying [26, 27] . These results provide the first evidence for a positive link between a cognitive trait and clutch size, one of the most important determinants of fecundity and reproductive fitness in birds.
We then asked whether solvers also produce more offspring and examined the possibility that apparent benefits of higher cognitive ability are traded off against costs associated with other reproductive life history traits [6] . Among those individuals that successfully reared young to fledging age, solver females indeed fledged more young than nonsolvers (F 1, 182 = 4.10, p = 0.044; Figure 1B ; Tables 1 and S1 ), although there was no effect of male PSP on the number of fledglings (Tables 1 and S2) , and the number of parents that were solvers also had no effect (parental PSP was not present in the final model and dropped out of the model at F 1, 96 = 0.93, p = 0.337). The condition of the larger number of fledglings in nests with solver females was not compromised: average fledgling mass was similar among broods from solver and nonsolver females (F 1, 188 = 0.52, p = 0.473; PSP dropped from model in Table S1 ), and therefore their viability in the postfledging period was unlikely to have been compromised. Similarly, parental viability was unaffected, because neither breeding female nor breeding male body condition differed between all solvers and nonsolvers that bred (Table S4) and there was no difference in adult survival among all solvers and nonsolvers that bred (Table S5) . Thus, there was no evidence that the higher reproductive success achieved by solvers was traded off against fledgling condition or adult viability.
However, there was evidence for a trade-off with total brood viability, because the probability of fledging any young at all was lower for solver females than for nonsolvers (W 1 = 6.22, p = 0.013, n = 242; Tables 1 and S1; Figure 1B ). This lower nest success among solvers was not caused by higher adult mortality during reproduction, because the nest success effect remained in a second analysis where the data were restricted to nests in which both partners were still alive postbreeding (W 1 = 4.36, p = 0.039, n = 134). Thus, solvers exhibited both larger clutch size and a higher probability of nest desertion than nonsolvers. These contrasting links with different life history traits may explain why we detected little or no directional selection on PSP in either sex or in any of the four years (Table S6) .
Next we examined possible mechanisms that could have led to the links between problem solving and the different life history traits. Cognitive processes are commonly hypothesized to improve fitness by increasing foraging efficiency or quality (e.g., [9, 27] ), which we explored using a variety of approaches. First, automatic loggers (recording presence of parents) and cameras at the nest showed that when nestlings were 5 days old, working day length for solvers was shorter than for nonsolvers (mean difference 6 SE = 13.40 6 7.33 min; F 1, 38 = 5.54, p = 0.024; Tables 2 and S7) , not longer as might be expected given that solvers were provisioning more offspring. There was no significant difference in provisioning rate or the proportion of caterpillars provisioned (a measure of diet quality [28, 29] ) between solvers and nonsolvers (Tables 2 and S7) ; similarly, there was no difference in amount of time spent provisioning, provisioning rate, or diet quality when nestlings were 10-11 days old (Tables 2  and S8 ). Finally, radio tracking showed that home ranges during provisioning were 65% smaller among solvers than among nonsolvers (F 1, 6 = 14.88, p = 0.010; Figure 2 ). The smaller ranges were unlikely to be a result of gross differences in the quality of habitat used, because, in addition to the oak density analysis mentioned above, several measures of local habitat quality were similar for solvers and nonsolvers of both sexes (Table S3 ). Apparently problem solvers were able to produce more eggs and offspring without exhibiting higher provisioning rates, although the possibility remains that they foraged at higher rates on other days during the breeding period, or at times other than those when we recorded activity. For instance, the combined effect of male and female solving performance was more pronounced for clutch size than for fledgling number, so solvers may have had a behavioral advantage primarily during egg laying, when foraging conditions are much less favorable compared to the provisioning period [28, 29] and when foraging behavior is difficult to assess in the great tit. Alternatively, the shorter foraging distances and working days exhibited by solvers may have allowed solvers to be more nest attentive [30] , helping them to optimize brood temperature especially in the morning and evening when temperatures are cold [31] , to minimize predation risk through nest defense [32] , and/or to reduce parasite load in chicks [33] .
In birds, nest desertion is a common adaptive response to declining environmental conditions [34, 35] . Sixteen percent of nests were abandoned between the parent trapping (when nestlings were one week old) and when nestlings reached fledging weight (14 days old). Experimental data suggest that the majority of these desertions were likely to be a response to trapping. Trapping adults at the nest when nestlings were 7 days old caused higher desertion rates than postponing adult catching until nestlings were 10 days old (Z = 2.837, p = 0.005, n = 132; nests were assigned randomly to 7-or 10-day-old treatment groups; see Supplemental Experimental Procedures for further details). Until recently, adults were trapped when nestlings were 7 days old, but an increase in the population size in recent years has led to increased densitydependent desertion, and consequently adults are now trapped when nestlings are 10 days old (see Supplemental Experimental Procedures). Desertion following trapping and handling of birds is likely to mimic adaptive desertion following exposure to a natural predator [34, 35] . Previously we showed that the startle response, an antipredation behavior, tends to be more pronounced in solvers than in nonsolvers [36] . Problem solvers may generally be more sensitive to disturbance at the nest, and predation risk, than nonsolvers, though whether they have a stronger response to natural predation attempts remains to be tested. Experiments on captive insect populations [2, 3] and common garden experiments [9, 10] suggest that adaptation to local environmental conditions can influence cognitive ability. Pioneering work on bumblebees (Bombus terrestris) [4] revealed a positive correlation between learning ability and a proxy for fitness, foraging efficiency among free-ranging colonies, and a study on male bowerbirds (Ptilonorhynchus violaceus) reported a correlation between problem-solving ability at the bower and mating success [5] . The results presented in this paper advance the field substantially for several reasons. First, they represent the first explicit investigation of links between cognitive ability and multiple life history traits determining reproductive fitness in a natural population; the selection coefficients presented are also the first estimates of natural selection for any cognitive trait in the wild. Second, the analyses control for the major ecological determinants of life history variation in the great tit, which has not been attempted previously. However, the possibility that unexamined correlates of PSP underlie the observed relationships remains until these links are assessed experimentally. Third, the higher desertion probability among solvers represents the first evidence from the wild for reproductive costs of elevated cognitive performance [6] . Previously we showed that problem solvers were less competitive at artificial feeders than nonsolvers [37] ; though direct links to survival fitness were not tested, this illustrates that trade-offs with other unexplored traits may also be important, as emphasized by the concept of behavioral syndromes [38] . Contrasting effects on fecundity and desertion highlight the importance of considering potential life history trade-offs when examining selection for cognition in natural environments. Ultimately, they offer a potential explanation for why variation in cognitive ability occurs within populations.
Experimental Procedures Data Collection
Standardized assays of PSP were conducted on individually marked birds temporarily taken into captivity during winter (November to March) from Wytham Woods (51 46'N, 1 20'W), Oxfordshire UK, between 2007 and 2010. Birds were housed singly in wire cages (45 3 45 3 68 cm) and presented with a simple task, where a lever had to be removed from a device in order to obtain a food reward. Individuals were given three hours to solve this task and were classified as ''solvers'' or ''nonsolvers'' based on their performance (see [11] for full details). After being assayed, all individuals were subsequently released back into the wild, at the site of catching. In addition to these individuals, a further sample of birds was taken into captivity from February 27 to March 9, 2012, in order to examine the proximate mechanisms underlying individual variation in PSP. Specifically, we examined the hypothesis that the solution involves operant conditioning mediated through a perceptual-motor feedback. Videos of solving assays were analyzed to quantify feeding motivation and contacts with functional and nonfunctional parts of the problem-solving device (see Supplemental Experimental Procedures for full details). The protocols outlined were all subject to ethical review by the Department of Zoology (Oxford) ethical committee.
Over the four breeding seasons (2007-2010), 247 females and 221 males of known PSP bred in Wytham (n = 382 and n = 316 breeding attempts, respectively, including 152 breeding attempts where the PSP of both parents was known). Breeding attempts of all great tits in Wytham were monitored as part of a long-term study using 1,020 nest boxes (see [39] ). Parents were trapped and identified at the nest when nestlings were approximately 7 days old. Laying date of the first egg, clutch size, brood size (number of young observed in the nest), fledgling number, fledgling mass, and nest success (failure or success, where a nest was classified as successful when at least one chick fledged successfully) were recorded during visits to nest boxes between April and June. Recruitment from each nesting attempt was established by recording how many fledglings bred in Wytham the following year (see [22] ). (A) Clutch size varied with the number of solver parents at the nest. Analysis was restricted to nests where the problem-solving performance (PSP) of both parents was known (n = 136 pairs; both parents nonsolvers, n = 49; one solver parent, n = 65 [male only, n = 33; female only, n = 32]; two solver parents, n = 22). Clutch size was averaged across multiple individual breeding attempts for illustration. **p < 0.01; *p < 0.05; ns, p > 0.05. (B) Number of fledglings and probability of fledging any offspring varied between solver and nonsolver females. Open circles indicate the average number of fledglings produced by nonsolver and solver females, based on nests where at least one nestling fledged (n = 214 individuals; nonsolvers, n = 132; solvers, n = 82). Where a female bred in successive years, fledgling number was averaged across breeding attempts for the sake of illustration. Black circles indicate the probability of fledging any young successfully from the nest. Plotted success data are back-transformed mean effects from a GLMM with a binomial error structure (n = 382 breeding attempts for 246 individuals; nonsolvers, n = 147; solvers, n = 99). Error bars represent SEM.
Individual provisioning behavior was recorded for birds of known PSP (usually only one parent per nest) using a combination of uniquely identifiable passive integrated transponder (PIT) tags detectable at nest boxes using PIT tag loggers, and video cameras (Handykam) attached to nest boxes during the 2009 and 2010 breeding seasons. Provisioning rate was estimated from video using the number of food items successfully delivered to the nest, divided by sample duration (1.5-3 hr). Video footage was also used to establish the proportion of caterpillars provisioned; caterpillars are a high-quality and preferred food source of Parus species [28, 29] . Working day length was calculated by subtracting, from 24 hr, the time elapsed between the last provisioning visit in the evening and the first feeding the following morning. In 2009, 11 adults for which PSP assays had previously been conducted were also radio tracked over 3 to 6 days (mean duration 6 SD = 235 6 61 min; range = 135-335 min) when nestlings were 8-13 days old in order to estimate home range size (see Supplemental Experimental Procedures for more details).
The hypothesis that the trapping protocol used in our population resulted in significant nest desertion was experimentally tested during the 2011 breeding season. This was done by comparing the rate of nest failure where adults were trapped using the normal trapping procedure to that where adults were not trapped until later in the nestling period, when increased brood value is likely to result in lower desertion rates. Nests were randomly assigned to one of two treatments, normal trapping (adults trapped when nestlings were 7 days old) or late trapping (adults trapped when nestlings were 10 days old). All broods were subsequently visited when 14 days old to determine whether the nest had failed, with failure being defined as no live nestlings remaining in the nest. ''Late trapping'' nests were also visited when nestlings were 7 days old, so that brood survival between 7 and 14 days old could be compared between treatments, and ''normal trapping'' nests were also visited at 10 days so that the total number of visits was equivalent for both treatments. The potential ethical issue associated with trapping became apparent only immediately before the 2011 breeding season; the experiment was conducted to test causality, and the trapping protocol has since been altered accordingly.
Data Analysis
Relationships between PSP and life history traits were tested using linear mixed models (LMMs) or generalized linear mixed models (GLMMs) containing the random factors year and bird identity (to account for multiple breeding attempts per individual), with males and females analyzed separately. The relationships between PSP and provisioning variables were analyzed using LMMs and GLMMs controlling for appropriate fixed and random effects (see Supplemental Experimental Procedures for more details). All final models were formed by backward stepwise removal of nonsignificant terms. Standardized directional selection coefficients (following methods from [40] ) were estimated for fecundity (total number of young that fledged successfully) and recruitment. All analyses were carried out with GenStat v13.1 [41] .
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